Earlier work from this laboratory showed that the human proteoglycan aggrecan from fetal cartilages can induce a CD4 
Introduction
Patients with ankylosing spondylitis, and juvenile and adult rheumatoid arthritis, exhibit CD4 ϩ T cell responses to the human cartilage proteoglycan (PG) 1 aggrecan (1, 2) . Injection of the fetal human cartilage PG into BALB/c mice produces a disease which has features of both rheumatoid arthritis and ankylosing spondylitis (3, 4) . Both an erosive polyarthritis and spondylitis are observed after immunization of mice with PG in complete Freund's adjuvant (CFA) followed by repeated injections of the PG in incomplete Freund's adjuvant (IFA). Adoptive transfer (5) and in vivo T cell subset depletion studies (6) indicate that the disease is mediated by CD4 ϩ T cells.
Removal of the chondroitin sulfate (CS) chains from the core protein of human fetal PG markedly increases the efficiency of induction of the disease (3, 4) . Anti-PG antibody responses are much higher when CS has been removed from PG (3, 4) . In contrast, adult human PG, which contains large amounts of keratan sulfate (KS) (7, 8) , seldom induces arthritis, even after removal of CS. This observation suggested to us that the KS, which is covalently bound to the PG core protein, may, like CS, influence the immune responses of PG-reactive T cells.
To investigate this further, two cloned PG-reactive T cell hybridomas, TH5 and TH14, obtained from mice with PGinduced arthritis, were studied. Both the T hybridomas are CD4 ϩ , MHC class II-restricted (9) . They probably belong to the TH1 subset since they secrete IL-2 but not IL-4. The pattern of antigen responsiveness of the T cell hybridomas is characterized by reactivities to human fetal and adult PG, bovine fetal PG, the G1 domain of bovine PG, and bovine link protein (LP). TH5 and TH14 recognize different epitopes in the G1 domain of PG. Associated with the G1 domain of PG there is KS but not CS (10, 11) . The present study shows that KS can significantly inhibit the reactivities of these T cell hybridomas to these molecules. Removal of KS, or cleavage of G1 with cyanogen bromide (CNBr) with resultant separation of the peptides bearing these epitopes from KS chain(s), overcomes this inhibition and permits increased uptake and more efficient presentation by antigen-presenting cells (APC). We show that when G1 alone is injected into BALB/c mice it can induce an erosive polyarthritis and spondylitis but only after removal of KS.
Methods

Mice
Female, 6-8-mo-old, BALB/c retired breeder mice were obtained from Charles River Canada (St. Constant, Quebec, Canada). Young female (6-7-wk-old) BALB/c mice (17-20 grams) were used for induction of arthritis.
Reagents
The following reagents were used: cesium chloride (Terochem Chemicals, Edmonton, Ontario, Canada); guanidine hydrochloride and iodoacetamide, Alcian blue, casein, CNBr, diisopropyl fluorophosphate, PMSF, pepstatin A, and EDTA (Sigma Chemical Co., St. Louis, MO); protease-free chondroitin ABC lyase (EC4.2.2.4), keratanase (Pseudomonas) (EC2.1.103) (Seikagaku America, Rockville, MD); CFA and IFA (Difco Laboratories Inc., Detroit, MI); [ 3 H]thymidine (6.7 Ci/mmol) (ICN Biomedical Canada Ltd., Montréal, Quebec, Canada); Lympholyte M (Cedarlane Laboratories, Hornby, Ontario, Canada); Aurodye, sodium iodide ( 125 I) (Amersham, Oakville, Ontario, Canada); paraformaldehyde (BDH Chemicals, Ltd., Toronto, Ontario, Canada), 3-(cyclohexylamino)-1-propane sulfonic acid (United States Biochemical Corp., Cleveland, OH); trypsin, N -tosyl, l -phenylalanine chloromethyl ketone-treated (Fluka Chemical Corp., Ronkonkoma, NY) or trypsin, type 1 (Sigma Chemical Co.).
Antigens
PG. Human PG preparations were isolated as described previously (3) from 12-20-wk-old human fetuses. Briefly, the epiphyseal and articular cartilages were extracted in 4 M guanidine hydrochloride in the presence of protease inhibitors and the extracts were centrifuged on a cesium chloride density gradient, first under associative and then under dissociative conditions. The high buoyant density PG fractions (A1D1) were isolated and extensively dialyzed against deionized water and lyophilized. Bovine PG was isolated with the same methodology from adult nasal septum. Native PG preparations were dissolved in sterile phosphate-buffered saline (PBS), sterilized by ultraviolet irradiation in a laminar flow hood (1-2 h) and assayed for protein by Lowry's method (12) .
G1 domain of bovine PG. This was purified as described previously by tryptic digestion of an aggregate preparation from calf articular cartilage (13) and purification by gel chromatography (9) . It includes part of the interglobular domain between G1 and the G2 domain up to the first trypsin cleavage site (R 367 ). This fraction was dialyzed extensively against PBS, 0.45-m filter sterilized, and used in vitro. Bovine G1 preparations were used instead of human G1 preparations because of the greater quantities which could be obtained of the former. The T cell hybridomas described below had earlier been shown to respond as well to bovine fetal PG as to human PG (9) .
Digestion of antigens with glycosidases
PG and G1 were dissolved at 15 mg (dry wt)/ml and 250 g (dry wt)/ ml, respectively, in 0.2 M Tris-HCl buffer, pH 7.4, containing 80 mM NaCl and the following protease inhibitors: 1 mM EDTA, 1 mM iodoacetamide, 5 g/ml of pepstatin, and 2 mM diisopropyl fluorophosphate or 1 mM PMSF. The mixture was digested with either protease-free chondroitin ABC lyase (0.2 U/mg protein) and/or by keratanase (2 U/mg protein/ml) at 37 Њ C for 20 h (14) . The reaction was terminated by boiling the mixture for 5 min. The digested samples were then dialyzed against water, dried on a Speed Vac (Savant Instruments, Inc., Hicksville, NY), and redissolved in sterile PBS at desired concentrations. The solutions were 0.45-m filter sterilized and used in the assays. All native PG or G1 preparations used in the antigen presentation assays were similarly boiled for 5 min and treated the same way before use in the assays, to control for denaturation of the PG/G1 molecules by boiling.
Reduction and alkylation of G1 globular domain
Reduction and alkylation were performed as before (8) .
CNBr digestion of G1 globular domain
Purified G1 was treated with CNBr for 24 h as described previously (15) . Briefly, lyophilized G1 was dissolved in 70% formic acid at a concentration of 250 g/ml to which was added 12 mg/ml of CNBr dissolved in acetonitrile. The tubes were flushed with nitrogen, sealed, and incubated at room temperature for 24 h. The digestion was terminated by diluting the mixture with 10 times its volume of water. The mixture was dialyzed against water, lyophilized, and stored at Ϫ 20 Њ C. The digested G1 was redissolved in PBS, and 0.45-m filter sterilized before use in vitro.
Radiolabeling of G1 domain
The purified bovine G1 was radiolabeled with Na 125 I by the chloramine T method (16). The radioiodinated G1 was then separated from free iodine on Sephadex G-25 (Pharmacia Biotech Inc., Piscataway, NJ). Depending upon the preparation (three were used), its specific activity was in the range of 0.8-7.1 ϫ 10 9 cpm/mg.
Gel electrophoresis of antigens
The antigen preparations were electrophoresed on a 12.5% SDS-PAGE mini-gel (Bio-Rad Laboratories, Richmond, CA) or on a continuous 5-15% gradient SDS-PAGE mini-gel, under reducing conditions as described previously (17) . After electrophoresis, the proteins were electrotransferred (60 V, 300 mA) for 75 min in 10 mM 3-(cyclohexylamino)-1-propane sulfonic acid, pH 11, buffer containing 10% methanol, onto a polyvinylidene fluoride (PVDF) membrane. The membrane was then stained for total protein content using Aurodye gold staining according to the manufacturer's protocol, or stained for glycosaminoglycan (GAG) chains using Alcian blue, or used for immunoblotting as below.
Immunoblotting of antigens
The membrane was immunoblotted with the mouse mAb 1C6 (IgG 1 ) which is specific for a repeating epitope in the G1 and G2 regions (18) , or with mouse Ab AN9P1 (IgG 2a ) (16) and mAb 5D4 (IgG 1 ) (19) specific for KS chains. Briefly, the PVDF membrane was blocked with 3% BSA in PBS for 1 h and individual lanes were cut out. The lanes were incubated with the different antibodies for 1 h at room temperature with shaking, followed by three washes in PBS/ 0.1% Tween 20 for 5 min. Rabbit anti-mouse IgG (Zymed Laboratories, Inc., South San Francisco, CA) was then incubated with the membranes at room temperature for 1 h followed by three washes in PBS/0.05% Tween 20. The specific antibody binding was visualized by addition of 125 I-protein A (Amersham) followed by autoradiography.
Assays for proteolytic degradation of antigens
Casein assay. Casein was radiolabeled according to the method of Cawston and Barrett (20) . The assay was essentially the same as described previously (21) . The 3 H-labeled casein was diluted with cold casein to a specific activity of 2.6 ϫ 10 6 cpm/mg. The keratanase preparation (0.5 U) to be tested for proteolytic activity was mixed with 200 g of radiolabeled casein in 100 mM Tris/acetate, 50 mM NaCl, pH 7.3, in a total volume of 250 l, in the presence of protease inhibitors (as in keratanase digestion experiments using G1, see above). The mixture was incubated for 18 h at 37 Њ C, and the digestion was terminated by adding 100 l of unlabeled "carrier" casein (5 mg/ml) and 150 l of 10% (wt/vol) of cold TCA. The tubes were centrifuged at 7,000 g at 4 Њ C for 15 min, and aliquots of supernatants were counted in a liquid scintillation counter (Packard Instruments, Meriden, CT). Radiolabeled casein digested with trypsin (5 g/ml) was used as a positive control for digestion, and counts with digestion buffer alone served as background control.
Assay for degradation of 125 I-G1. The radiolabeled G1 was digested with keratanase as above and divided into two fractions. One was electrophoresed on a 12.5% SDS-PAGE gel along with undigested radiolabeled G1 and autoradiographed. The second fraction was precipitated with TCA (as above) and the supernatants were col-lected as in the casein assay and counted in a gamma counter (LKBWallach, Turku, Finland).
Sequence analysis of G1 globular domain
The purified bovine G1 fragments generated by CNBr digestion or by endo Asp-N were resolved by SDS-PAGE mini-gel (12.5% gels) and electroblotted onto PVDF membranes, as described earlier (22) . The membranes were stained with Coomassie brilliant blue R-250 in 50% methanol for 15 min and destained in 50% methanol, 10% acetic acid until the bands could be visualized. The bands were cut out and loaded on a gas phase protein sequenator (model 470A) attached to phenylthiohydantoin amino acid analyzer (model 120A; both from Applied Biosystems, Inc., Foster City, CA). The phenylthiohydantoin-amino acid derivatives were separated by reverse-phase HPLC using a C18 column (220 ϫ 2.1 mm).
Aggrecan-reactive T cell hybridomas
The generation of two PG-reactive T cell hybridomas TH5 and TH14 has been described earlier (9) . Briefly, spleen cells from arthritic mice were cyclically stimulated in vitro with PG and feeder cells. PG-reactive T cells were fused with BW5147 thymomas (kindly provided by Dr. P. Marrack, Denver, CO) to produce PG-reactive T cell hybridomas (23) . These were cloned and two hybridomas TH5 and TH14 were used for further studies. They were shown previously to be reactive with aggrecan, bovine G1, and LP (9) .
Antigen presentation assays
Antigenic reactivity. All assays were performed in DME with 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM l -glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate (Gibco Laboratories, Burlington, Ontario, Canada), 50 mM 2-mercaptoethanol (BDH Chemicals, Ltd.), and 5% heat-inactivated FCS (Bockneck Ltd., Rexdale, Ontario, Canada). The T cell hybridomas were tested for their reactivities against antigens by incubating 2 ϫ 10 4 cells/well with 5 ϫ 10 5 freshly isolated irradiated (3.3 Gy) syngeneic spleen cells in quadruplicate with various antigens in a total volume of 200 l/well, in 96-well flat-bottomed tissue culture plates (Falcon Labware, Lincoln Park, NJ) at 37 Њ C for 24 h with 5% CO 2 and 95% air. All antigen concentrations were expressed as nanomolars of protein as described previously (9) . The supernatants (100 l/well) were harvested 24 h later and assayed for IL-2 in an IL-2-dependent mouse cytotoxic T cell line, CTLL-2 (American Type Culture Collection, Rockville, MD), proliferation assay (24), by [ 3 H]thymidine uptake as described before (9) . All results are expressed as either mean cpm Ϯ SEM or stimulation index (SI) (mean cpm with antigen/mean cpm with medium alone) of the CTLL cells. The standard errors of at least triplicate determinations were ordinarily Ͻ 15% of the mean.
The T cell hybridomas were also tested for reactivity to CNBr peptides of G1 bound to PVDF membrane after separation on SDS-PAGE (25) . Briefly, the membranes were blocked with PBS/0.3% Tween 20 for 30 min at 37 Њ C with shaking. The membranes were then washed three times in PBS/0.3% Tween 20 (5 min each wash), rinsed thoroughly in water, and stained with Aurodye for 2-18 h. The visualized bands were cut into small pieces of 2 mm 2 , sterilized under ultraviolet light for 30-60 min, and added to the wells for the assays of T cell reactivity.
Use of fixed APC. In some experiments, syngeneic spleen cells were used as APC after fixation in 1% paraformaldehyde in PBS for 30 min at room temperature, followed by three washes in Hanks' balanced salt solution.
Uptake and degradation by APC of radiolabeled G1 with or without treatment with keratanase
Spleen cells from normal mice were used as a source of APC as described above ( Antigen presentation assays ) with the exception that the cells were not irradiated. Cells (5 ϫ 10 6 ) in 0.5 ml DME complete culture medium with 5% FCS described above were added to borosilicate glass tubes (13 ϫ 100 mm; Fisher Scientific Co., Pittsburgh, PA).
Radiolabeled G1 (native or G1 treated with keratanase) at 1 ϫ 10 5 cpm/10 6 cells was added to each tube, mixed, and incubated at 37 Њ C for periods up to 475 min. The incubation was terminated by adding an equal volume of cold PBS/0.1% sodium azide (NaN 3 ) and centrifuging the cells at 250 g for 5 min. Cell pellets were washed twice in PBS/0.1% NaN 3 and then counted in the gamma counter. To investigate binding to cell surfaces as opposed to endocytosis, cells were isolated at different times, washed as above, and treated with trypsin (5 ϫ 10 6 cells were treated with 1 ml of 0.05% trypsin [Sigma, type I] in PBS for 10 min at 37 Њ C) to remove cell surface-bound molecules before isolation. In other experiments, we inhibited endocytosis by culturing cells with or without 0.1% NaN 3 which was added 10 min before the addition of radiolabeled G1.
In further experiments we washed the APC twice with PBS/0.1% NaN 3 as described above to remove unbound G1 after incubation for 30 min with radiolabeled G1 Ϯ KS and then examined the digestion and rate of loss of radiolabel from these cells with time up to 120 min. At each time after binding of radiolabeled G1 to APC, cells were treated with 4.5% TCA to precipitate any undigested radiolabeled G1. TCA soluble counts were also measured.
Induction of arthritis
Arthritis was induced in BALB/c mice as described earlier with some modifications (6) . Briefly, mice were immunized with either 100 g (protein) of adult nasal bovine PG (native or chondroitinase ABC and/or keratanase digested) or 25 g (protein) of "native" calf articular G1 or G1 treated with keratanase. Some animals were injected with mixtures of two antigens at the same time: 100 g of bovine adult nasal PG mixed with either 25 g of native or keratanasetreated mature G1 (G1 Ϫ KS). First injections (intraperitoneal) were given as an emulsion of CFA (100 l) with 100 l of antigen solution, followed by intraperitoneal boosts of the same amount of each antigen in IFA at 15, 43, 71, and 99 d after the first injection. The injections were stopped when arthritis first appeared and persisted. Otherwise they continued for up to a maximum of five injections. PG was injected in the same way at days 7, 28, 56, and 84 after the initial injection. Mixtures of G1 and PG were injected according to the PG schedule.
Clinical characterization of arthritis
Mice were examined for clinical signs of arthritis every second day as described previously (6) . Briefly, front and rear paws and ankles were examined for swelling, redness, and limitation of movement. Severity scores were determined on a scale of 0 to 4 for each front paw and rear paw and ankle as follows: grade 1, mild redness and swelling in one or more joints; grade 2, moderate redness and swelling in involved joint(s); grade 3, severe redness and swelling involving the whole paw; grade 4, grade 3 followed by loss of movement in the affected joints. The sum of arthritic scores in all four paws (maximum 16) was taken as the severity score of the mouse.
Histology
Fore and hind paws, ankles, knees, and spines were fixed in 10% buffered formalin, decalcified, and stained with hematoxylin and eosin by standard techniques.
Results
Digestion of KS on PG enhances APC-mediated T hybridoma reactivity.
The reactivities of two T cell hybridomas, TH5 and TH14, were studied before and after treatment of PG with two different glycosidases. Treatment of PG with chondroitin ABC lyase, which removes the CS chains and leaves only residual pentasaccharides on the core protein (14) , had no effect on the reactivities of either T cell hybridoma (Fig. 1) . However, the treatment of PG with keratanase, which cleaves KS chains attached to the core protein of PG (26), increased the reactivity of both hybridomas when compared with the untreated PG or the CS-depleted PG (Fig. 1) . The reactivity of TH5 cells was significantly higher with KS-depleted PG as compared with native PG at three different doses (0.5, 5, and 50 nM, respectively). Similar results were obtained at higher concentrations for the reactivity of TH14. Digestion with chondroitin ABC lyase either before (Fig. 1 ) or after (data not shown) keratanase digestion did not further increase the responses of either TH5 or TH14. Similar results were obtained in at least two other separate experiments.
Presence of KS on purified bovine G1 preparation. Since these T hybridomas both react with the G1 globular domain of aggrecan (9), we examined G1 for the presence of KS and CS. Native G1, keratanase-digested G1, and chondroitin ABC lyase-digested G1 were electrophoresed on a 12.5% polyacrylamide gel and transferred onto a PVDF membrane. Each membrane was stained with one of the following: Alcian blue which stains negatively charged GAG chains; or immunoblotted with an anti-G1 and G2 mAb (1C6), or with one of two anti-KS antibodies (AN9P1 and 5D4). The anti-KS antibodies AN9P1 (Fig. 2 A ) and 5D4 (not shown) bound to undigested G1, showing the presence of immunoreactive KS in the purified G1 preparation. Alcian blue stained native G1, but not keratanase-digested G1, on a 12.5% SDS-PAGE gel (not shown). Staining with 1C6, and use of radiolabeled G1 showed that the native form of G1 migrated as a single band with an apparent molecular mass of 71 kD (Fig. 2, A and B ) , but keratanase-digested G1 migrated with increased mobility with an apparent molecular mass of 64 kD (Fig. 2 B ) . It still reacted with antibody to KS, indicating that the digestion was incomplete or that the residual KS resists digestion. Chondroitin ABC lyase treatment of G1 did not change the molecular mass of the molecule (Fig. 2 B ) , indicating the absence of CS.
Digestion of KS on G1 enhances APC-mediated T cell reactivity. The responsiveness of TH5 to keratanase-digested G1 was significantly increased at 0.5 and 5 nM of antigen, but was similar to native G1 at 50 nM (Fig. 3) . The responsiveness of TH14 to G1 was less sensitive to digestion with keratanase, but a significant increase of reactivity after KS depletion was observed at 50 nM (Fig. 3) . Similar data were obtained on two other separate occasions, whether or not spleen cells used as APC were irradiated before use (data not shown).
Absence of demonstrable protease activity in keratanase preparation. One explanation for the increased T cell reactivity after keratanase digestion of the antigen could be the release of immunoreactive peptides by cleavage of the antigen by proteases contaminating the keratanase preparation. However, under the conditions of use it had no detectable proteolytic activity in the sensitive casein degradation assay (data not shown). In addition, no degradation of 125 I-G1 was seen after keratanase digestion as evidenced by the lack of release of Figure 1 . Reactivities of the T cell hybridomas TH5 and TH14 to aggrecan with or without glycosidase treatments. Native human fetal PG (filled circles); ABC chondroitinasedigested human fetal PG (filled triangles); keratanase-digested human fetal PG (filled squares); and a combination of chondroitinase-and keratanasedigested human fetal PG (filled diamonds) were added at various concentrations (molar protein). Supernatants were harvested 24 h later and tested for IL-2 in CTLL proliferation assays as described in text. All digestions were performed in the presence of protease inhibitors. (lanes 1-3) . Figure 3 . Reactivities of the T cell hybridomas TH5 and TH14 to G1 with or without keratanase treatment. Native G1 (filled circles) and keratanasedigested G1 (filled triangles) were used in assays as in Fig. 1 . I-containing fragments and by the absence of proteolytic fragments on autoradiography.
Furthermore, if the enhanced reactivity was due to release of the immunoreactive peptide in vitro, the peptide may have been presented to the T cells by MHC class II molecules on the surface of fixed APC (27) . However, as shown in Table I , KS-depleted G1 could not be presented by fixed APC to the T cells.
Reduction and alkylation of G1 enhances APC-mediated T cell reactivity. Reduction and alkylation of G1 to produce denaturation by removal of intramolecular disulfide bonds enhanced T cell responses. Thus, reactivity of the TH5 hybridoma at the suboptimal concentration of 5 nM was increased from an SI of 36Ϯ5.7 for native G1 to 98Ϯ8 after reduction and alkylation. In comparison, removal of KS alone by keratanase produced an even greater response with an SI of 153Ϯ9 or 156Ϯ22 if keratanase treatment followed reduction and alkylation. Thus, denaturation of G1 enhances the T cell response, but removal of KS enhances the response even further to that observed by removal of KS only.
CNBr digestion of G1 enhances APC-mediated T cell reactivity and identifies locations of T cell epitopes. Treatment of G1 with CNBr produced multiple peptides of 24, 19, 15, and 14 kD detected with Aurodye staining after SDS-PAGE (Fig. 4) .
TH5 responded to the 19-kD CNBr fragment blotted onto a PVDF membrane (Fig. 4) . The amino-terminal sequence of this fragment was HGIED. Therefore, the epitope is located between residues 118 and 232 (Fig. 5) in the B region of the tandem repeat (Fig. 6 ) of the bovine G1 sequence which has been described elsewhere (28, 29 , and Rosenberg, L., and P. Neame, unpublished data). This fragment contains no KS attachment sites. These have been shown to reside in the interglobular domain of pig laryngeal cartilage and may be present at residues 352 and 357 in the bovine sequence (Figs. 5 and 6 ). TH14 recognized the 15-kD CNBr peptide (Fig. 4) with the amino-terminal sequence HPVTT starting at residue 41 and ending at residue 104 (Fig. 5) . This is located in the Ig fold of G1 (Fig. 6) . TH14 also showed reactivity, to a lesser extent, with the 19-kD CNBr peptide (HGIED....) which exhibits some homology at its amino-terminal end with a sequence at the carboxy-terminal end of the 15-kD CNBr peptide namely SD/QATLE (Fig. 5) .
The exact sequences of the TH5 and TH14 epitopes are now being characterized. Neither of these CNBr peptides of 19 and 15 kD contained detectable KS by immunoblotting of CNBr-digested G1 with anti-KS mAb (Fig. 4) . In addition, keratanase treatment of CNBr-digested G1 did not alter the mobility of the 19-and 15-kD peptides on SDS-PAGE (data not shown).
Cleavage of G1 by CNBr also led to an increased responsiveness of both TH5 and TH14 to G1 compared with native or keratanase-digested G1 presented by viable APC (Table I) . Keratanase digestion of CNBr-treated G1 did not further enhance the reactivity over that to CNBr-treated G1 alone (data not shown). This was anticipated since KS is not present in the CNBr peptides recognized by TH5 and TH14 as shown above. Moreover, both the CNBr peptides were presented by fixed APC to the T cells (Table I) indicating that removal of KS by cleavage of core protein led to recognition and binding of peptides by these T cell hybridomas without digestion mediated by APC. Further cleavage of antigen cannot be ruled out since this could be mediated either extracellularly or intracellularly by the T cell hybridomas. TH5  TH14  TH5  TH14   Medium  429Ϯ133  310Ϯ200  854Ϯ345  674Ϯ430  G1 native  7020Ϯ532 1413Ϯ350  755Ϯ648  510Ϯ237  G1 KS-depleted 21987Ϯ1400 6361Ϯ800  208Ϯ6  399Ϯ313  G1 CNBr-30034Ϯ1060 8615Ϯ824 20508Ϯ1277 10718Ϯ1700  digested Results expressed as cpm (meanϮSEM) of CTLL-2 proliferation assays as in text. BALB/c spleen cells were used as APC either without fixation or after fixation with 1% formaldehyde. Antigen was G1 in the native form or after digestion with keratanase or CNBr. The concentrations of G1 used were 5 nM for TH5 and 50 nM for TH14. was observed (time 0) after addition of radiolabeled G1 after removal of KS (Fig. 7 a) . In a representative experiment this was observed both in the absence (Fig. 7 a) and the presence (Fig. 7 c) of NaN 3 used to inhibit endocytosis. Thus this increased uptake is due mainly to cell surface binding. On subsequent incubation at 37ЊC, this enhanced binding (ϮNaN 3 ) without KS was maintained (Fig. 7, a and c) , reaching a maximum by ‫ف‬ 15 min and reducing thereafter up to 60 min.
Uptake of radiolabeled G1 domain by APC is enhanced by removal of KS from the interglobular domain: degradation is unaffected. Rapid enhanced cellular binding and/or uptake
The net difference in binding and rate of uptake subsequently remained essentially unchanged up to 480 min. When NaN 3 was present to permit cellular binding and yet prevent sodium azide-sensitive endocytosis, binding was increased for G1ϩKS and more so for G1ϪKS up to 15 min and did not markedly increase thereafter (Fig. 7 c) . However, binding of G1 was always enhanced after removal of KS. Thereafter the differences in the amount bound remained constant. When uptake/binding of G1 lacking KS (ϪKS) was examined in the presence and absence of NaN 3 , we noted in separate experiments a reproducible transient peak of enhanced uptake in the absence of NaN 3 at 15 min which was never observed in the presence of NaN 3 (Fig. 7 b) . This would appear to represent a transient enhanced endocytosis (inhibitable by NaN 3 ) over and above the enhanced cell surface binding shown in Fig. 7 c (seen with NaN 3 ). Subsequently, a steady state is reached. When KS remained on G1 there was no significant change in uptake in the presence of NaN 3 (Fig. 7 d) . Thus, removal of KS from G1 resulted in increased binding to APC which accounted for the increased uptake seen in the absence of NaN 3 (Fig. 7 b) .
When binding to the APC surface in the absence of NaN 3 was examined by treating cells with trypsin to remove cell surface-bound G1 we found that at 30 min ‫ف‬ 65-75% of G1-KS was removed with trypsin. This did not change significantly with time. This value compared very well with the experiment shown in Fig. 7, a-d , where we showed that at 30 min ‫ف‬ 65-75% of the G1 lacking KS bound in the presence of NaN 3 compared with that noted in its absence. In this case, the proportion of NaN 3 -inhibitable binding of the total increased with time. Thus, these experiments clearly show that removal of KS leads to enhanced APC association of G1 and that this involves primarily cell surface binding which results in enhanced endocytosis. These results were reproduced in a subsequent repeat experiment.
We also examined loss of G1 from APC to see if this is influenced by KS. When cells were incubated with radiolabeled G1ϮKS for 30 min at 37ЊC, washed, and incubated in the absence of further G1 to determine loss/digestion of G1, we ob- served that 125 I-G1 was progressively lost from the cell and that the rate of loss of G1 (loss of TCA-precipitable undigested G1 from cells) was similar in the presence and absence of KS (Fig.  8) . Counts of TCA-insoluble 125 I-G1ϮKS were reduced by ‫ف‬ 50% within 30 min and much more slowly thereafter. Relatively few counts were present in the TCA-soluble (digested) form regardless of time. Thus, the presence of KS had no detectable effect on digestion of G1 in these APC.
Induction of arthritis: clinical characterization.
Mice received a maximum of five injections of each antigen. However, when arthritis appeared and persisted in a mouse, injections of that animal ceased. Injection of native (non-glycosidase-treated) bovine G1 globular domain bearing KS chains produced arthritis in only one animal (Table II and Fig. 9 ). When CS or KS was removed from bovine PG, arthritis was only detected in 1-2 of 20 mice and mean disease severity was low. Moreover, onset was late (mean of day 107). This lack of ability of bovine PG to induce arthritis confirms our earlier studies (3). However, removal of both KS and CS from PG increased the incidence of arthritis for PG to 5 of 20. Yet the mean severity (2.9) was low. But when KS was removed by keratanase from G1 (G1ϪKS) and it was injected at a lower molar concentration Maximum total injections was five. Injections ceased when arthritis first appeared. G1 was prepared from calf articular cartilage and bovine PG was from adult nasal cartilage.
than PG, 14 of 21 mice developed an arthritis of high severity and earlier onset (Table II and Fig. 9 ). It was first noted after only two injections (Fig. 9 ). This contrasted strikingly with the lack of arthritis induced by native G1. Arthritis was characterized by early swelling of front and/or hind paws (Fig. 10) . No specific pattern was noted. The combination of CS-depleted PG with native G1 was examined to determine whether epitopes on the core protein of bovine PG other than those on G1 could contribute to arthritis development. This produced no arthritis, but when this CS-depleted PG was mixed with G1 lacking KS, the incidence, onset, and severity of arthritis was very similar to that seen with KS-depleted G1 alone (Table II) . PG lacking CS and KS injected with G1 was not studied. These results point to only a role for G1 in arthritis induction.
These observations clearly demonstrate the capacity of the G1 globular domain of PG to induce arthritis but only after removal of KS. Thus, KS can markedly inhibit arthritis induction and this is also seen in the case of intact PG where an inhibitory effect for CS is also seen in fetal human molecules lacking KS (3). The arthritis that developed with these antigens was severe for G1 and moderate for PG (Table II) . It was chronic and persisted from the time of its first appearance for a period of up to 100 d when the animals were killed (to meet the requirements of the local animal care committee).
Histology. Histological examination of swollen joints 8-17 wk from onset confirmed the presence of an active erosive inflammatory arthritis. Swollen front (Fig. 11 ) paws and knees (Fig. 11, B and C) contained an abundance of mononuclear cell and polymorphonuclear leukocyte infiltration both in and around joints. Erosive destruction of cartilage and bone was commonly observed in both front and rear paws and in knees (Fig. 11, B-D) . In the latter case the presence of a strong synovitis with formation of pannus over degenerating cartilage was noted. Knee joints often contained polymorphonuclear leukocytes in joint cavities although they are not so apparent in Fig. 11 
B.
Spondylitis was also observed as a mononuclear cell infiltration around the intervertebral discs in the base of the tail (Fig. 12, B and C) . This was observed at the time of the polyarthritis. It started immediately adjacent to the annulus (Fig.  12 B) , was usually bilateral, and was characterized by a strong Figure 9 . Induction of arthritis in mice injected with the G1 globular domain. Injections, incidence, and onset of arthritis in mice injected with native G1, G1 treated with keratanase (G1ϪKS) (A), bovine PG both native (BPG) and keratanase-treated (BPGϪKS), chondroitinase ABC-treated (BPGϪCS), and treated with both glycosidases (BPGϪCSϩKS) (B). cellular infiltration of adjacent tissue (Fig. 12, B and C) . Unlike in diarthrodial joints, polymorphs were usually absent.
Discussion
Our earlier studies linking cellular immunity to aggrecan, the major proteoglycan of cartilage, with the development of arthritis in BALB/c mice (3, 4, 6) raised the important question of the location of the arthritogenic epitope(s) responsible for induction of this experimental disease. The present study demonstrates that the isolated G1 globular domain of the bovine molecule, when depleted of KS, can potently induce arthritis of high severity and chronicity which includes a spondylitis of the kind previously observed with human fetal PG. That the arthritogenic epitope(s) responsible for this arthritis is located in the G1 domain is further indicated by the lack of enhancement when PG depleted of CS chains was included in the immunization with G1 depleted of KS.
The work that lead to the identification of the G1 globular domain resulted from careful analyses of in vitro responses of two T cell hybridomas TH5 and TH14 which recognize distinct epitopes on both human fetal and adult PG (9) and use different T cell receptors (9) . These epitopes are clearly present on the G1 globular domain and KS is also bound to core protein associated with this domain. The presence of KS can also diminish in vitro responsiveness of these cells to the G1 globular domain and the intact PG molecule. Denaturation of G1 by reduction and alkylation or partial removal of KS by digestion of PG or G1 with keratanase or complete removal of KS by CNBr cleavage of the core protein of the G1 preparation can each enhance reactivity of these T cells to both PG and G1 in vitro. The consequence of this is reflected in vivo by the induction of arthritis by G1 after KS is removed by keratanase. Since, on a molar basis, these in vitro effects of keratanase are similar (compare Figs. 1 and 3) , it is likely that the KS chains present in association with the Gl domain primarily account for these inhibitory effects on T cell recognition and identify the inhibitory effect of KS on induction of arthritis observed in KS-rich adult PG molecules (3) .
Whereas calf G1 globular domain (carboxy terminus defined by the last cysteine residue, see Fig. 5 ) may or may not contain KS, the G1-G2 interglobular domain of porcine aggrecan can contain up to two O-linked KS chains on threonine residues at positions 352 and 357 (11) . Similarly the G1-G2 interglobular domain of calf aggrecan may also bear KS chains (Figs. 5 and 6 ). These would be located on CNBr fragments other than those recognized by TH5 and TH14 explaining the enhanced responsiveness after CNBr cleavage. Moreover, the gel electrophoretic mobilities of the CNBr peptides recognized by TH5 and TH14 did not change after keratanase treatment, and they did not stain with the two anti-KS antibodies.
Keratan sulfate on G1 or PG could theoretically inhibit antigen presentation by APC at the levels of binding and endocytosis, intracellular compartmentalization (receptor mediated or not), enzymatic digestion in endosomal compartments in APC (27, 30) and/or binding to MHC class II molecules, and presentation to T cells. Our studies of G1 uptake reveal that partial removal of KS by digestion of this GAG clearly enhances binding to the APC cell surface (shown by trypsin removal of cell surface-bound material and by uptake in the presence of NaN 3 to block endocytosis). Endocytosis is also transiently enhanced when KS is removed. However, the rate of digestion of G1 by APC is unaffected by the presence of KS. Thus, the enhanced T cell response resulting from the removal of KS is associated with increased binding to and endocytosis by APC.
That carbohydrates can inhibit epitope recognition by T cells, as well as by antibody (31), was revealed recently when oligosaccharides attached to an ovalbumin epitope were found to inhibit T cell recognition of the epitope (32). Oligosaccharides present on glycoproteins have also been shown previously to protect glycoproteins from proteolytic degradation by preventing accessibility of proteinases to the core protein (33, 34) . KS chains in the region of the G1 domain may also protect this region against attack by extracellular proteinases but not by intracellular proteinases since digestion rates within cells were comparable. The presence of KS could inhibit proteolytic cleavage and release of the immunoreactive G1 epitopes by extracellular proteinases.
Our data allow for the possibility that the presence of receptors for KS on APC could negatively influence cellular uptake to APC and presentation to T cells. The CD44 receptor for CS and hyaluronate is present on liver endothelial cells (35) and this or a similar type of receptor could bind KS. The observed enhanced binding of G1 to the cell surface on removal of KS suggests that if such a receptor for KS exists on these cells it may retard G1 binding and/or uptake to APC rather than causing increased endocytosis. Also, KS may inhibit binding if this is via a receptor-mediated binding to the core protein of aggrecan G1 domain.
Heterogeneity in KS content of G1 described earlier (10, 11) may explain why the differences in T cell recognition of native versus KS-depleted G1 are more quantitative than qualitative, and explain why T cell reactivity to native G1 increases with concentration. Molecules may exist which do not contain KS in some domains. It is well known that KS content varies considerably with age and in arthritis, increasing with age (8) and decreasing in disease (36) . In the latter case this would favor immune reactions to the G1 domain.
In immature bovine cartilage, KS is located in the interglobular domain between the G1 and G2 domains (9, 11, 37) . In mature cartilage it is also present in the G1 globular domain in the A, B, and BЈ subdomains (37) . Fetal cartilage is generally lacking or deficient in KS compared with the adult (7, 8) . The presence of KS can be viewed as protective against the development of immunity to this region of the molecule even when it is denatured or only partly degraded. This is borne out by our present observation that removal of KS leads to induction of arthritis. Moreover, our earlier observation shows that human adult (3) and bovine (4) PG (rich in KS) depleted of CS could not induce arthritis, whereas human fetal PG (lacking KS) depleted of CS could induce arthritis also points to this protection by KS. However, in the present study we show that adult bovine PG from adult cartilage could induce arthritis in some mice but only when KS as well as CS chains are removed. Clearly both CS and KS inhibit production of arthritis, but since only KS is associated with the G1 domain, removal of this GAG alone confers on G1 the capacity to induce arthritis.
CNBr cleavage (mimicking proteolysis in vivo) also produced KS-free peptides bearing the epitopes recognized by these T hybridomas. This also enhanced the T hybridoma responses. Since even fixed APC could present these large CNBr peptides, T cell hybridomas themselves may mediate further cleavage of larger peptides produced by extracellular proteolysis. Extracellular proteolysis leading to the release of G1 is known to result in the generation of fragments of this molecule which include the Gl globular domain (hyaluronic acid binding region) (38) . Clearly, sites of proteolysis would be critical in determining whether fragments are produced bearing T cell epitopes that do or do not contain KS and that are small enough to be presented without further proteolysis such as that produced by CNBr. Such extracellular proteolysis could also result in loss of conformation and hence function (hyaluronic acid binding) of the G1 domain as we have shown previously in synovial fluids of patients with arthritis (38) . A loss of conformation induced by reduction and alkylation clearly also enhanced T hybridoma responses to G1. But the removal of KS by keratanase further enhanced the response to the denatured molecule. Thus, loss of conformation and loss of KS can independently enhance T hybridoma responses and proteolysis would likewise be expected to influence T cell responses in vivo by producing fragments lacking conformation with or without KS.
Proteolytic cleavage of PG in cartilage often involves a primary cleavage in the interglobular domain between G1 and G2 leading to the release of the majority of the PG molecule (39, 40) . G1, in association with LP, ordinarily remains bound to hyaluronic acid and is thereby retained and becomes concentrated in the adult extracellular matrix of articular cartilages (41) . In chronic rheumatoid arthritis there is likely a similar enrichment of this G1 globular domain in cartilage, as is also observed in synovial fluid (38, 42) . Whether arthritogenic epitopes may be produced would be determined by the cleavage of core protein which could result in the presence or absence of KS on fragments bearing potentially arthritogenic epitopes recognized by T lymphocytes. Whether these immune responses to aggrecan, which are observed in rheumatoid arthritis in children and adults (1, 2) , are of importance in the pathogenesis of these diseases remains to be established.
